Abstract The ligamentum flavum is considered to be one of the important causes of radiculopathy in lumbar degenerative disease. Although there have been several reports anatomically examining the positional relationship between the ligamentum flavum and nerve root, there are few reports on ventral observation. The purpose of this study is to clarify the shape of the ligamentum flavum seen ventrally, and to obtain anatomic findings related to nerve root compression. The subjects were 18 adult embalmed cadavers, with an average age of 78 years at the time of death. The ventral shapes of the ligamentum flavum were observed. The relationships between the morphological change of the ligamentum flavum and nerve root compression or radiographic findings were statistically evaluated. Among the shapes of the ligamentum flavum, bulging of the ligament was most frequently observed. Proximal bulging indicates the type with the cranial portion bulging from the subarticular zone to the foraminal zone of the ligamentum flavum. In this type associated with a decrease in disc height, nerve root compression was frequently observed. Thus, we could more realistically grasp the relationship between bulging morphology of the ligamentum flavum and nerve root compression.
Introduction
The ligamentum flavum attaches to the ventral side of the vertebral arch and makes up the posterior wall of the spinal canal or foramen. Thus, it is considered to be one of the important factors in the causes of radiculopathy or cauda equina symptoms in lumbar degenerative disease [4, 25, 26] . It is reported that in clinical and anatomical biomechanics, the ligamentum flavum bulges inside the spinal canal or foramen at the extension position of the lumbar spine and compresses nerve tissues [7, 10, 19, 22, 24, 31] . One of the reasons may be the change in thickness of the ligament, accompanied by distance shortening between the adjacent vertebral arches [34] . Furthermore, there is a report that foraminal stenosis occurs due to degenerative changes of the lumbar spine, such as a decrease in disc height [5, 7, 14, 19] , and volume redistribution of the ligamentum flavum involves nerve compression inside of the foramen [27] . Thus, the morphological changes of the ligamentum flavum that are due to the change of lumbar spine alignment, as well as a decrease in disc height associated with degeneration, may result in compression on nerve tissues. There have been several reports anatomically examining the positional relationship between the ligamentum flavum and dura or nerve root [2, 8, 29] , but there are few reports on ventral observation [11] , and no reports describe the morphological changes of the ventral side of the ligament accompanied by lumbar spine degeneration. Furthermore, when the ligamentum Morphological changes of the ligamentum flavum as a cause of nerve root compression flavum is resected via a dorsal approach [6, 9] , the overall picture of the ligamentum flavum cannot be seen from the dorsal side. Consequently, some of the hypertrophied ligamentum flavum may remain un-resected, which may lead to recurrence due to lack of decompression [17] .
In performing lateral fenestration for lesions in the foraminal zone, such as extreme lateral lumbar disc herniation [1, 12, 23, 28] , it is difficult to determine decompression range, because the location and shape of the attachment portion of the ligamentum flavum inside of the foramen, or the structure between the transverse processes, are not clear. This area is named the ''hidden zone'' by Macnab [12] . Furthermore, with respect to the extraforaminal zone, the most exterior area, Wiltse [33] called this the ''far-out zone'' and reported that the L5 nerve root was compressed between the L5 transverse process and the superior portion of the medial sacral ala at the L5-S1 level. However, there are few detailed reports regarding the structure outside of the foramen [11, 18, 21, 33] , so anatomical image in the far-out zone is difficult to grasp.
The purpose of this study was to ventrally observe the ligamentum flavum, including its attachment portion, the structure of its lateral side and the difference between levels, using anatomical cadavers. This study also aimed to examine how the shape of the ligamentum flavum changes on lumbar radiographs and whether or not the morphological changes of these ligaments involve nerve root compression.
Materials and methods
Subjects were embalmed cadavers, ten males and eight females, in the dry state after intravascular fixation. Their age at the time of death ranged 52-98 years (mean, 78 years). In order to prevent shrinkage, we took great care to keep the specimens moist. Lumbar spines were excised from L2 to the sacral spine en bloc, and frontal and lateral radiographs were taken. At that time, cadavers that had excessive deformation associated with tumorous disease or trauma in the lumbar spines were excluded from the subjects. Then, the wire saw was carefully passed through from the foramen to cut the pedicle, with care taken not to damage nerve tissues. The anterior vertebral body was removed, and positional relationships between the dura mater, nerve root, and ligamentum flavum were observed ventrally. Following the removal of the dura mater and nerve root, the shape of the ligamentum flavum was observed. The levels examined included L3-L4, L4-L5, and L5-S1 (a total of 54 levels and 108 sites).
The morphological changes of the ligamentum flavum were observed mainly from the subarticular zone to foraminal zone, according to the Macnab [13] and McCulloch [15] classification systems, using the pedicle as a standard, and normal anatomy as well as abnormal morphological changes were examined. One spine surgeon observed the ligamentum flavum from the ventral side and created classification of its morphology. According to this classification, two spine surgeons independently observed the ligamentum flavum in 108 sites and separately sorted them. As the index of agreement free from coincidence in two spine surgeons, a kappa (j) statistic was calculated and interobserver agreement was examined.
With respect to the nerve root, we evaluated nerve root compression both in the subarticular zone and in the foraminal zone (Fig. 1) . The area covering from the foraminal zone of the L3 nerve root to the subarticular zone of the S1 nerve root was investigated (a total of 144 nerve roots and 216 sites). We defined positive compression as a finding that one-third or more of the diameter of the nerve root was depressed when viewed at least from one direction. Based on this definition, we separately examined the subarticular zone (108 sites) and foraminal zone (108 sites). Two spine surgeons independently determined presence or absence of compression separately. As the index of agreement free from coincidence in two spine surgeons, a kappa (j) statistic was calculated, and interobserver agreement in each zone was examined.
The angle made by the endplate in each interbody, and disc height (anterior, central, posterior) were radiographically measured (Fig. 2) . The relationships between the morphological changes of the ligamentum flavum, nerve root compression, and radiographical findings were statistically examined using a chi-square test and analysis of variance (ANOVA).
Results

General findings of the ligamentum flavum
Findings on the ligamentum flavum at 45 sites that were considered to be morphologically normal were described, focusing on those commonly observed at each level. When observed ventrally, inside of the central canal, the proximal and distal borders of the ligament ran along the shape of the vertebral arch and dilated laterally in a V-shape from the center. In the foraminal zones at the L3-L4 and L4-L5 levels, the proximal border of the ligament attached almost horizontally and was in contact with the lateral inferior portion of the superior pedicle. The distal border of the ligament attached gradually toward the cranial side, while advancing toward the more lateral side (Fig. 3A) . On the other hand, in the foraminal zone at the L5-S1 level, the proximal border of the ligament attached almost horizontally, and the lateral portion was in contact with almost the center of L5 pedicle. The distal border of the ligament attached gradually to the cranial side, while advancing toward the lateral side similarly to other levels ( Fig. 4A ).
In the area from the intraforaminal zone to the extraforaminal zone at the L3-L4 and L4-L5 levels, the fiber bundle that started from the superior pedicle ran as a fan toward the transverse process, forming the transverse ligament. Between the fiber bundle and the ligamentum flavum, the bifurcation of the lumbar artery and vein passed in the proximal side and the dorsal branch of the spinal nerve root in the distal side (Fig. 3B ). The bifurcation of the lumbar artery and vein and the dorsal branch of the spinal nerve root passed through the foraminal zone at the L5-S1 level. The ligament component that extended from the ligamentum flavum attached on the lateral surface of the S1 pedicle, composing the lateral wall of the neural tube at the extraforaminal zone (Fig. 4B) .
When the L5-S1 levels were compared with other levels, distinct differences were observed in the attachment pattern of the ligamentum flavum in the foraminal zone and in the ligament structure in the extraforaminal zone. These characteristic findings were commonly found in all the sites of each level by both observers.
The morphological changes of the ligamentum flavum
We defined abnormal morphology of the ligamentum flavum as follows. Bulging was defined as buckling morphology of the ligamentum flavum, and classified into two types: the whole bulging type and proximal bulging type. In the whole bulging type, the whole ligament bulged, covering from the central canal to the foraminal zone centering on the subarticular zone. In the proximal bulging type, the cranial portion covering from the subarticular zone to the foraminal zone bulged like a boomerang (Figs. 5A and 5B). Erosion was defined Fig. 1 Ventral observation at the L5-S1 level showed nerve root compression by the ligamentum flavum (LF) in the subarticular zone (black arrow with white line) and foraminal zone (solid black arrow). The dotted lines of the schema show the zone classification [13, 15] . (Dura dura mater, L5 L5 nerve root, S1 S1 nerve root, E extraforaminal zone, F foraminal zone, S subarticular zone, C central canal) Fig. 2 As radiographical measurements, the angle made by the endplate in each interbody and disc height were measured (anterior, central, posterior) as the crater-like morphology on the surface of the ligamentum flavum created by the contact of the annulus fibrosus at the disc level (Fig. 5C ). Fold was defined as morphology with one or two horizontal creases in the ligamentum flavum of the foraminal zone (Fig. 5D) . Exposure of the superior articular process is the morphology where the cephalic ligamentum flavum of the foraminal zone disappears and the tip of the superior articular process is exposed (Fig. 5E ). Furthermore, we defined normal morphology as that with a smooth surface that has none of the characteristics described above. Any abnormal morphology was considered sufficiently characteristic and easy for classification. Interobserver agreement (kappa) on the classification of the ligamentum flavum was 0.892. Since agreement ratio is high, one Fig. 3 The ligamentum flavum at the L4-L5 level is shown. A Inside the spinal canal, both the cranial and caudal borders of the ligament dilated from the center to the lateral side in a V shape. In the foraminal zone, the proximal border of the ligament attached almost horizontally and was in contact with the lateral inferior portion of the superior pedicle. The distal border of the ligament attached gradually toward the cranial side, while advancing toward the lateral side. B From the intraforaminal zone to the extraforaminal zone, the fiber bundle, starting from the superior pedicle, ran as a fan toward the transverse process, forming the transverse ligament (arrowheads). Between the fiber bundle and the ligamentum flavum, the bifurcation of the lumbar artery and vein ran in the proximal side and the dorsal branch of the spinal nerve root in the distal side. The dotted lines of the schema show the zone classification. (P pedicle, LA lumbar artery, DBSN dorsal branch of the spinal nerve root, E extraforaminal zone, F foraminal zone, S subarticular zone, C central canal) of the two assortments was selected randomly and used for data analysis. Of all 108 sites, the morphological changes that were considered to be abnormal ligamentum flavum included: whole bulging type (20 sites), proximal bulging type (22 sites), erosion (15 sites), fold (six sites), and exposure of superior articular process (three sites). Three sites where exposure of the superior articular process was observed had multiple other morphological changes.
The relationship between the morphological changes of the ligamentum flavum and radiographic findings Radiographically, the angle made by the endplate was all dilated anteriorly, ranging 1-28°with a mean of 11°. With respect to disc height, anterior height was from 4.5 mm to 24.0 mm, with a mean of 13.7 mm, central height from 3.0 mm to 17.0 mm, with a mean of 10.9 mm, and posterior height from 1.0 mm to 11.5 mm, with a mean of 7.2 mm.
With respect to the relationship between the morphology and radiographic findings, the mean intervertebral angle of the whole bulging type was 14.3°±2.5°, showing a tendency toward anterior dilatation com- Fig. 4 The ligamentum flavum at the L5-S1 level is shown. A In the foraminal zone, the cranial border of the ligament attached almost horizontally and the lateral portion was in contact with almost the center of the L5 pedicle. The distal border of the ligament attached gradually to the cranial side, while advancing toward the lateral side, similarly to other levels. B At the intraforaminal zone, the bifurcation of the lumbar artery and vein and the dorsal branch of the spinal nerve root passed. Also, the ligament component extending from the ligamentum flavum attached to the lateral surface of the S1 pedicle, composing the lateral side wall of the neural tube at the extraforaminal zone (arrowheads). The dotted lines of the schema show the zone classification. (P pedicle, E extraforaminal zone, F foraminal zone, S subarticular zone, C central canal) pared with the mean intervertebral angle for the other sites of 10.5°±0.8°, but no significant difference was observed (p=0.08). Furthermore, there were no significant relationships between the other morphological changes and intervertebral angle (data not shown).
With respect to mean disc height of the proximal bulging type, anterior disc height was 11.4 mm± 1.5 mm, central height 7.8 mm±1.2 mm, and posterior height 4.9 mm±0.6 mm. This showed a significant decrease in anterior (p<0.05), central (p<0.01), and posterior heights (p<0.01) when compared with mean disc height in other sites, for which anterior height was 14.2 mm±0.7 mm, central height 11.9 mm±0.4 mm, and posterior height 7.8 mm±0.4 mm (Fig. 6 ). There were no significant relationships between the other morphological changes and disc height (data not shown).
In all six sites that had the fold in the ligamentum flavum of the foramen portion, lumbar spondylolysis was radiographically observed.
The relationship between the morphological changes of the ligamentum flavum and nerve root compression Interobserver agreement (kappa) between the two observers regarding nerve root compression was 0.860 for the subarticular zone, and 0.911 for the foraminal zone. Since agreement ratios are high, one of the two evaluations of nerve root compression was selected randomly and used for data analysis.
For all 144 nerve roots and 216 sites, nerve root compression was observed in 35 sites in the subarticular zone and 40 sites in the foraminal zone.
With respect to the relationship between the morphological changes of the ligamentum flavum and nerve root compression, in the proximal bulging type, nerve root compression was observed in 17 of 22 sites in the subarticular zone and 14 of 22 sites in the foraminal zone, showing significant frequency when compared with other sites (p<0.01) ( Tables 1 and 2) . Furthermore, fold was observed at six sites. Nerve root compression was found, at a higher rate-at four sites in the foraminal zone, showing a statistically significant difference (p<0.01). With regard to other morphology including the normal type, a significant relationship with nerve root compression was not observed (data not shown).
Discussion
In the present study, ventral observation of the normal ligamentum flavum revealed that the shape of the ligament is slightly different between the L3-L4 or L4-L5 level and the L5-S1 level. In particular, the most lateral portion of the ligamentum flavum proximal border inside the foramen at the L3-L4 or L4-L5 level is in contact with the lateral inferior portion of the superior pedicle, whereas that at the L5-S1 level is in contact with almost the center of the L5 pedicle. Thus, the nerve root in the foraminal zone at the L5-S1 level may be more vulnerable to compression by the ligamentum flavum compared with that at the L3-L4 or L4-L5 level. Furthermore, from the foraminal zone to the extraforaminal zone at L3-L4 or L4-L5 level, the fiber bundle that starts from the superior pedicle runs as a fan toward the transverse process, forming the transverse ligament. On the other hand, at the L5-S1 level, the lumbosacral ligament that extends to the lateral side of the ligamentum flavum is observed between the L5 transverse process and sacral ala. More lateral inferiorly, the ligament component that is considered a part of the lumbosacral hood [11] or lumbosacral tunnel [18] attaches the lateral surface of the S1 pedicle, composing the lateral wall of the neural tube outside of the foramen. This structure specific to the L5-S1 level may be used as the anatomical base that may cause a stenosis condition in the extraforaminal zone. To precisely grasp the shape of the ligamentum flavum and its positional relationship with surrounding tissues provides a precise prediction of the resection range of the ligamentum flavum in performing surgery for lumbar spine degenerative disease. It also prevents the possibility of leaving a ligament unresected, and enables safer treatment for lesions in the foraminal zone or extraforaminal zone. The shape of the ligamentum flavum seen ventrally was not uniform and had changes including bulge, erosion, fold, and bone exposure. The relationship between these morphological changes of the ligamentum flavum and radiographic findings was examined, and a significant correlation between the proximal bulging type and a decrease in disc height was found. A possibility was reported that disc collapse associated with disc degeneration led to a decrease in intervertebral height and frequently buckled the thickened ligamentum flavum [24, 30] . This was consistent with our results. There are two reasons why proximal bulging occurs: (1) A decrease in disc height leads to shortening of the distance between the vertebral arches and thickening of the interlaminar portion of the ligament, while the superior articular process moves to the cranial side, causing infolding in the capsular portion of the ligament [5, 7, 14, 19] . As this mechanism, Rauschning [27] mentioned involvement of a secondary volume redistribution of the ligamentum flavum, due to a decrease in disc height. (2) In the ligamentum flavum of the proximal bulging type, the distal side of the ligament is in contact with the disc and forms depression at that site. Thus, the annulus fibrosus bulges posteriorly in association with a decrease in disc height and compresses the distal side of the ligamentum flavum facing the annulus fibrosus. This causes the cranial portion covering from the subarticular zone to the foraminal zone to bulge like a boomerang.
With the whole bulging type, the intervertebral angle tends to be great, which may be caused mainly by shortening of the interlaminar portion of the ligament, due to a large amount of anterior dilatation of the interbody [7, 10, 19, 22, 24, 31, 34] . In the whole bulging type, disc height was maintained, and compression on the ligamentum flavum due to posterior bulge of the disc was not observed. Thus, the whole ligament centering on the subarticular zone may bulge anteriorly. With other morphological changes, erosion occurred at disc level in the foraminal zone, and the ligament surface was not smooth. This may have developed due to strong contact with the disc. The fold was mainly formed in the cranial side of the foraminal zone, and lumbar spondylolysis was radiographically observed in six sites, which may be the influence by the bone shape of the isthmic spondylolysis. In the fold, nerve root compression was observed at a high frequency in the foraminal zone, so the fold may be the cause of radiculopathy in lumbar spondylolysis. With bone exposure, the ligamentum flavum at the capsular portion disappeared, exposing the tip of the superior articular process. As the cause of this, involvement of not only cranial movement of the superior articular process, due to a decrease in disc height, but also a dynamic element, such as rotation or instability, was suggested.
With respect to nerve root compression, in the proximal bulging type, compression was frequently observed in both the subarticular zone and foraminal zone. As mentioned above regarding the morphological changes of the ligamentum flavum, this result was consistent with the report that secondary hypertrophied ligamentum flavum due to a decrease in disc height was involved in nerve compression [27] or with the report that the foramen area was reduced, accompanied by a decrease in disc height, so the nerve roots in the foraminal zone became vulnerable to compression [7] . Therefore, in patients who clinically complain of lumbar radiculopathy symptoms, with a decrease in disc height on lumbar radiographs, the ligamentum flavum that bulges in the proximal portion from the subarticular zone to the foraminal zone is potentially compressing the nerve root. Thus, surgeons should remember that the nerve root may be compressed by bulging ligament in these zones.
A discussion of our study is limited by the unknown disease history of the cadavers in our clinical setting. Consequently, it was considered impossible to demonstrate clinical symptoms by abnormal morphologies of the ligamentum flavum or nerve root. Considering this limitation, we reviewed, paying attention to the following points. About half of the ligamentum flavum observed in this study had seemingly abnormal morphological changes, and nerve root compression was observed in 75 of 216 sites, comparatively fre-quently. However, this may reflect the highly degenerative findings in cadavers, many of which were aged 70 years or older [3, 16, 32] . In addition, one study found that compressions of the nerve roots were correlated with histopathological alternations of the nerve roots themselves [20] . Although the posture of a cadaver in the process of embalming may affect nerve root compression, the cadavers that we reviewed in this study were fixed in the neutral position, and those with increased flexion, extension, and lateral flexion were excluded. Therefore, it appeared that the posture of embalming had little effect on nerve root compression.
From the ventral side, we were successful in observing the surface where the ligamentum flavum actually contacts the nerves three-dimensionally. Therefore, we could more realistically grasp the relationship between the swollen morphology of the ligamentum flavum and nerve root compression, which has until now been difficult to imagine. 
